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(54) Method of removing surface contamination 

(57) A process for removing contaminants from*b 
substrate in a single process. The substrate to be 
cleaned is contacted with a dense phase gas at or 
above the critical pressure thereof. The density of the 
dense phase gas in contact with the contaminants and 
the substrate is then shifted or varied by selectively var- 
ying the temperature of the dense fluid in contact with 
the contaminants and the substrate. The contaminants 
and substrate are irradiated in a cycled manner with a 
radiation which is not absorbed by the dense phase 
gas. The cycled manner may be stepwise, ramped or 
pulsed. The radiation is used to increase the tempera- 
ture of the contaminants and/or substrate to selectively 
effect a temperature and resultant density change in the 
dense phase gas in contact with the contaminants. The 
remainder of the dense phase gas virtually remains 
unaffected. The change in density causes particulate 
contaminants, particularly those less than 1 /6 micron in 
size, to dislodge from the surface of the substrate. Fur- 
ther, at each density, the dense phase gas possesses 
different cohesive energy density or solubility proper- 
ties. Thus, this density shifting of the dense fluid pro- 
vides removal of a variety of contaminants from the 
substrate without the necessity of utilizing different sol- 
vents. Alternatively, a dopant may be added to the 
dense gas phase which is attracted to and adheres to 
the contaminant and/or substrate. The dopant is sensi- 
tive to the irradiation and heats the contaminant and/or 
substrate. 
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, Description 

BACKGROUND OF THE INVENTION 

The present invention relates generally to the use of 
dense phase gases for cleaning substrates. More par- 
ticularly, the present invention relates to a process utiliz- 
ing density shifting of dense phase gases or gas 
mixtures in order to enhance the cleaning of a wide vari- 
ety of substrates, including complex materials and hard- 
ware. 

DESCRIPTION OF RELATED ART 

Conventional solvent-aided cleaning processes are 
currently being re-evaluated due to problems with air 
pollution and ozone depletion. In addition, recent envi- 
ronmental legislation mandates that many of the 
organic solvents used in these processes be banned or 
their use severely limited. Today the environmental risks 
and costs associated with conventional solvent aided 
separation processes require industry to develop safer 
and more cost-effective alternatives. 

The use of dense phase gases or gas mixtures for 
cleaning a wide variety of materials has been under 
investigation as an alternative to the above-mentioned 
solvent based cleaning processes. A dense phase gas 
is a gas compressed to either supercritical or subcritical 
conditions to achieve liquid-like densities. These dense 
phase gases or gas mixtures are also referred to as 
dense fluids. Unlike organic solvents, such as n-hexane 
or 1,1,1-trichloroethane, dense fluids exhibit unique 
physical and chemical properties such as low surface 
tension, low viscosity, and variable solute carrying 
capacity. 

The solvent properties of compressed gases are 
well known. Inorganic salts can be dissolved in super- 
critical ethanol and ether. The solubility of organics such 
as naphthalene and phenols in supercritical carbon 
dioxide increases with pressure. Many organic com- 
pounds are completely miscible in liquified carbon diox- 
ide. 

Surface contaminants include discrete pieces of 
matter that range in size from submicrons to granules 
visible to observation with the human eye. Such con- 
taminants may be fine dust or dirt particles or unwanted 
molecules comprised of elements, such as carbon or 
oxygen. There are three primary forces that contribute 
to the adhesion of a particle to a surface: (a) van der 
Waals and other electrostatic forces, (b) capillary con- 
densation force of adhesion and (c) non-volatile con- 
tamination accumulation between the particle and 
surface, which region serves as a low energy nucleation 
site. Dense phase gases, in contrast to liquid solvents, 
are able to nullify the particle-surface adhesion forces 
associated with the latter two forces identified above, 
owing to their unique ability to penetrate extremely small 
physical domains, that one might expect of a fluid that 
exhibits the diffusivity and the viscosity of a gas. yet the 



density of a liquid. Surface tension forces associated 
with a liquid-solid interface prevent liquid penetration 
into small physical regions (e.g., crevices and high 
aspect ratio gaps, narrow regions between two contact- 

5 ing solids, etc.), that readily can be accessed by gas 
devoid of limiting, interfacial surface tension forces. 
Without the latter two forces of adhesion, the remaining 
electrostatic adhesion force may be overcome by simple 
turbulence or agitation. However, for smaller particles, 

ro e.g. less than 5 micron, boundary layer considerations 
limit exposure of the particle to physical agitation, mak- 
ing removal of such contaminants difficult. 

In certain instances, the presence of surface con- 
taminants render the contaminated substrate less effi- 

15 cient or inoperable for the substrate's designated 
purpose. For example, in certain precise scientific 
measurement devices, accuracy is lost when optical 
lenses or mirrors in the devices become coated with 
microfine surface contaminants. Similarly, in semicon- 

20 ductors, surface defects due to minor molecular con- 
taminants often render semiconductor masks or chips 
worthless. Reducing the number of molecular surface 
defects in a quartz semiconductor mask by even a small 
amount can radically improve semiconductor chip pro- 

25 duction yields. Similarly, removing molecular surface 
contaminants, such as carbon or oxygen, from the sur- 
face of silicon wafers, before circuit layers are deposited 
on the wafer or between deposition of layers signifi- 
cantly improves the quality of the computer chip pro- 

30 duced. 

Electro-optical devices, lasers and spacecraft 
assemblies are fabricated from many different types of 
materials having various internal and external geometri- 
cal structures which are generally contaminated with 

35 more than one type of contamination. These highly 
complex and delicate assemblies can be classified 
together as "complex hardware." Conventional cleaning 
techniques for removing contamination from complex 
hardware require cleaning at each stage of assembly. In 

40 addition to the above-mentioned problems with conven- 
tional solvent aided cleaning techniques, there is also a 
problem of recontamination of the complex hardware at 
any stage during the assembly process. Such recon- 
tamination requires disassembly, cleaning, and reas- 

45 sembly. 

Accordingly, there is a present need to provide 
alternative cleaning processes which are suitable for 
use in removing contaminates from the surface of sub- 
strates in a single process, particularly film-like contam- 
50 inates and particles less than !/£ micron in size. 

SUMMARY OF THE INVENTION 

In accordance with the present invention, a clean- 
55 ing process is provided which is capable of removing 
different types of contamination from a substrate in a 
single process. The process is especially well-suited for 
removing film-like contaminants such as oils, grease, 
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flux residues and particulates less than V£ micron in 
size. 

More particularly, there is provided a process for 
removing contaminants from a substrate, said process 
comprising the steps of: s 

(a) placing said substrate containing said contami- 
nants in a cleaning vessel; 

(b) contacting said substrate containing said con- 
taminants with a dense phase gas at a pressure 10 
equal to or above the critical pressure of said dense 
phase gas in said cleaning vessel; and 

(c) shifting the density of said dense phase gas in 
contact with said substrate and said contaminants 

by varying the temperature of said substrate and is 
said contaminants for a period of time sufficient to 
remove one or more of said contaminants. 

The present invention is based in a process 
wherein the substrate to be cleaned is contacted with a 20 
dense phase gas at a pressure equal to or above the 
critical pressure of the dense phase gas. The density of 
the dense phase gas is then shifted between a higher 
and a lower density by varying the temperature of the 
dense fluid contact with the contaminant and/or surface 25. 
of the substrate being treated. 

The process removes contaminants from a sub- 
strate in a single process. The substrate to be cleaned 
is contacted with a dense phase gas at or above the crit- 
ical pressure thereof. The density of the dense phase 30 
gas in contact with the contaminants and the substrate 
is then shifted or varied by selectively varying the tem- 
perature of the dense fluid in contact with the contami- 
nants and the substrate. A density shift or change of at 
least 50 gm/liter is preferred, more preferably at least 35 
100 gm/liter. The greatest difference in density for the 
smallest change in temperature is achieved by operat- 
ing around the critical point of the respective dense fluid 
utilized. The contaminants and substrate are irradiated 
in a cycled manner with an irradiation which is not 40 
absorbed by the dense phase gas or the absorption of 
the contaminants and/or substrate is greater than that of 
the dense phase gas, preferably at least by a factor of 2. 
The cycled manner may be stepwise, ramped or pulsed. 
The radiation is used to increase the temperature of the 45 
contaminants and/or substrate to selectively effect a 
temperature and resultant density change in the dense 
phase gas in contact with the contaminants. The bulk of 
the dense phase gas virtually remains unaffected. The 
change in density causes particulate contaminants, par- so 
ticularly those less than V£ micron in size, to dislodge 
from the surface of the substrate. 

Further, at each density, the dense phase gas pos- 
sesses different cohesive energy density or solubility 
properties. Thus, this density shifting of the dense fluid 55 
provides removal of a variety of contaminants from the 
substrate without the necessity of utilizing different sol- 
vent. The type of irradiation selected is dependent on 
the dense phase gas, contaminant and substrate. Alter- 



natively, a dopant may be added to the dense gas 
phase which is attracted to and adheres to the contam- 
inant and/or substrate. The dopant is sensitive to the 
irradiation and heats the contaminant and/or substrate. 
The dopant may also physically increase the contami- 
nant particle's mass or size and surface separation by 
forming a "micelle-type" entity and overcome the attrac- 
tive forces to the substrate. Localized agitation, as a 
result of density shifting, also contributes to the removal 
of contaminants. The dopant may be removed with the 
dense phase gas at the end of the cleaning operation or 
by adding additional dense phase gas while removing 
dense phase gas containing the dopant 

Further, generalized agitation, for example, as a 
result of mechanical or ultrasonic agitation, may also be 
used to aid in the removal of the contaminants once 
separated from the surface of the substrate. Accord- 
ingly, in an alternative embodiment of the present inven- 
tion, ultrasonic or mechanical energy is also applied 
during the cleaning process. The ultrasonic or mechan- 
ical energy agitates the dense phase gas to provide 
enhanced contamination removal. Ultrasonic energy 
also may agitate the substrate surface to aid in contam- 
ination removal. 

In yet another alternative embodiment of the 
present invention, a dopant is added to the dense phase 
gas which attaches to the contaminants and/or sub- 
strate and which is sensitive to the irradiation and heats 
the contaminant to in turn heat the dense phase gas to 
enhance contaminant removal. 

The above-discussed and many other features and 
attendant advantages of the present invention will 
become better understood by reference to the following 
detailed description when considered in conjunction 
with the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

In the accompanying drawings: 

FIG. 1 presents a phase diagram for carbon dioxide 
(CO2), a preferred exemplary dense phase gas, in 
accordance with the present invention, and corre- 
sponding curves of density versus temperature and 
pressure. 

FIG. 2 is a flowchart setting forth the steps in an 
exemplary process in accordance with the present 
invention. 

FIG. 3 is a diagram of an exemplary system for use 
in accordance with the present invention. 
FIG. 4a and FIG. 4b are schematic diagrams of 
exemplary racks used to load and hold the sub- 
strates to be cleaned in accordance with the 
present process. 

FIG. 5a and FIG. 5b show an exemplary cleaning 
vessel for use in applying radiation to the contami- 
nant and/or substrate through the dense phase gas 
during the cleaning process of first and second 
embodiments of the present invention. 
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F!G. 6 is an alternative exemplary cleaning vessel 
in accordance with a third embodiment of the 
present invention for use in also applying sonic 
energy during cleaning. 

5 

DESCRIPTION OF THE INVENTION 

The dense phase gases which may be used in 
accordance with the present invention include any of the 
known gases which may be converted to supercritical 10 
fluids or liquified at temperatures and pressures which 
will not degrade the physical or chemical properties of 
the substrate being cleaned. These gases typically 
include, but are not limited to: (1) hydrocarbons, such as 
methane, ethane, propane, butane, pentane, hexane, is 
ethylene, and propylene; (2) halogenated hydrocarbons 
such as tetrafluoromethane, chlorodifluoromethane, 
sulfur hexaf luoride, and perfluoropropane; (3) inorgan- 
ics such as carbon dioxide, ammonia, helium, krypton, 
argon, and nitrous oxide; and (4) mixtures thereof. The 20 
term "dense phase gas" as used herein is intended to 
include mixtures of such dense phase gases. The 
dense phase gas selected to remove a particular con- 
taminant is chosen to have a solubility chemistry which 
is similar to that of the targeted contaminant For exam- 25 
pie, if hydrogen bonding makes a significant contribu- 
tion to the internal cohesive energy content, or stability, 
of a contaminant, the chosen dense phase gas must 
possess at least moderate hydrogen bonding ability in 
order for solvation to occur. In some cases, a mixture of 30 
two or more dense phase gases may be formulated in 
order to have the desired solvent properties. The dense 
phase gas selected must not absorb the irradiation to be 
applied to the substrate or must absorb the irradiation at 
a much slower rate than the contaminants and/or sub- 35 
strata The dense phase gas selected must also be 
compatible with the substrate being cleaned, and pref- 
erably has a low cost and high health and safety ratings. 

Carbon dioxide is a preferred dense phase gas for 
use in practicing the present invention since it is inex- 40 
pensive and non-toxic. The critical temperature of car- 
bon dioxide is about 3050 Kelvin (about 320 C.) and the 
critical pressure is 72.9 atmospheres. The phase dia- 
gram for carbon dioxide is set forth in FIG. 1. At pres- 
sures above the critical point, the phase of the carbon 45 
dioxide can be shifted between the liquid phase and 
supercritical fluid phase with the accompanying change 
in density by varying the temperature above or below 
the critical temperature of 3050 Kelvin (K). Further, near 
the critical point, small variations in temperature cause so 
large variations in density. 

In accordance with the present invention, a contam- 
inated substrate is placed in contact with a single dense 
phase gas or gas mixture. The solubility parameter of 
the dense phase gas in contact with the contaminant 55 
and/or substrate is shifted in order to provide a spec- 
trum of solvents which are capable of removing a variety 
of contaminants. Further, due to the volumetric change 
(i.e., density) of the dense phase gas in contact with 



particulate contaminants, the dense phase gas lifts and 
separates the contaminant from the surfac of the sub- 
strate. This density and solubility parameter shifting is 
accomplished by varying the temperature of the dense 
phase gas in contact with the contaminant and/or sub- 
strate while maintaining the pressure at a relatively con- 
stant level which is at or above the critical pressure of 
the dense phase gas. The temperature of the dense 
phase gas in contact with the contaminant and/or sub- 
strate is varied by varying the type, duration and/or 
intensity of irradiation. 

Increasing the temperature of dense phase carbon 
dioxide from 3000K to 3200K changes the gas solubility 
parameter from approximately 24 megapascals 1 ^ 
(MPa 1 ^ to 12 MPa 1/ * (See U.S. 5,013,366) This change 
in solubility parameter produces a change in the solvent 
properties of the dense phase gas. Thus, in accordance 
with the present invention, the solvent properties of the 
dense phase gas may be controlled in order to produce 
a variation in solvent properties such that the dense 
phase gas is capable of dissolving or removing a variety 
of contaminants of differing chemical composition in a 
single treatment process. A spectrum of distinct sol- 
vents is provided from a single dense phase gas or gas 
mixture. The solubility parameter of the dense phase 
gas is matched to that of the contaminant in order to 
remove the contaminant. Optionally, the solubility 
parameter of the dense phase gas is also matched to 
that of the substrate in order to produce substrate swell- 
ing. 

Referring to FIG. 1 , increasing the temperature of 
dense phase carton dioxide from about 3000K to about 
3200K at about 100 bar changes the density thereof 
from about 725 gm/liter to about 550 gm/liter. This rela- 
tively sudden difference in density lifts and separates 
particulate contaminants from the surface of the sub- 
strate. This is particularly true of particulate contami- 
nants of about s k micron in size or smaller. 

Further, since dense phase gases in the supercriti- 
cal region, i.e., above the critical temperature, have den- 
sities slightly lower than a liquid and viscosities and 
diffusivities approaching those values typically associ- 
ated with a gas, such dense phase gases are better 
able than classical solvents to penetrate microscopic 
features of the contaminants to be extracted and 
removed from the surface of the substrate. In regard to 
particulates, the dense phase gas within such micro- 
scopic features would expand and propel the particu- 
lates from the surface. In regard to films, the dense 
phase gas between the film and the substrate would 
blister and break the film apart if unable to escape 
quickly enough through such microscopic features. In 
such a state, the weakened film would be more suscep- 
tible to the solvating properties of the dense phase gas. 
Other organic, inorganic and elemental film contamina- 
tion is removed due to the change in solvent properties 
of the dense phase gas and localized turbulence or agi- 
tation caused by the density shifting. 
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• The density and solubility parameter shifting is 
accomplished in accordance with the present invention 
by a step-wise, ramped or pulsed change in the temper- 
ature of the dense phase gas in contact with the con- 
taminant and/or substrate. This temperature change is 
caused by irradiating the contaminant and/or substrate 
with irradiation. At a constant pressure greater than the 
critical pressure, the temperature is preferably 
increased to a point above T c and is then decreased to 
the starting temperature above T c . The cycle is 
repeated as necessary to achieve the desired level of 
cleanliness. As discussed with regard to FIG. 1, as the 
temperature changes, the dense phase gas has differ- 
ent solvent properties, i.e., a different solvent exists at 
each temperature. Consequently, a variety of contami- 
nants can be removed by this solvent spectrum. The 
change from T 1 to T 2 and back to with T 2 >T 1 is 
referred to herein as a "temperature cycle." The starting 
point and/or end point for the temperature cycling of the 
substrate and/or contaminant may be above, below or at 
the critical temperature. In accordance with present 
process, the temperature cycle may be repeated sev- 
eral times, if required, in order to produce increased lev- 
els of contaminant removal. Each successive irradiation 
cycle and resultant temperature cycle removes more 
contaminants. The density shift cycle of the present 
invention caused by the temperature cycie also 
improves contaminant removal by enhancing floatation 
and inter-phase transfer of contaminants, thermally- 
aided separation of contaminants, and micro-bubble for- 
mation. 

The number of times the density shift cycle is 
repeated, the amount of change in temperature during 
the cycle, and the duration of the cycle are ail depend- 
ent upon the extent of contaminant removal which is 
required, and can readily be determined experimentally 
as follows. The substrate is subjected to one or more 
density shift cycles in accordance with the present 
invention, and then the substrate is examined to deter- 
mine the extent of cleaning which has been accom- 
plished. The substrate may be examined by visual or 
microscopic means or by testing, such as according to 
the American Society for Testing and Materials, Stand- 
ard E595 "Total Mass Loss (TML) and Collected Volatile 
Condensable Material (CVCM)." Depending on the 
results obtained, selected process parameters may be 
varied and their effect on the extent of contaminant 
removal determined. From this data, the optimum proc- 
ess parameters for the particular cleaning requirements 
may be determined. Alternatively, the exhausted gas 
solvent may be analyzed to determine the amount of 
contaminants contained therein. Gravimetric, spectro- 
scopic, or chromatographic analysis may be used for 
this purpose. The extent of contaminant removal is then 
correlated with the various process parameters to deter- 
mine the optimum conditions to be used. Typical proc- 
ess parameters which have been found to be useful 
include, but are not limited to, the following: variation of 
the temperature above the critical temperature by about 



5 to 100K; variation of the temperature below the critical 
temperature by about 5 to 25K; and variation of the tem- 
perature through the critical temperature between the 
extremes identified above. 

5 A flowchart showing the steps in the cleaning proc- 
ess of a first embodiment of the present invention is pre- 
sented in FIG. 2. The process is carried out in a 
deaning vessel which contains the substrate to be 
cleaned. Various exemplary cleaning vessels will be 

10 described in detail below. As shown in FIG. 2, the clean- 
ing vessel is initially purged with an inert gas or the gas 
or gas mixture to be used in the cleaning process. The 
temperature in the pressure vessel is then adjusted to a 
temperature either below the critical temperature (sub- 

15 critical) for the gas or gas mixture or above or equal to 
the critical temperature (supercritical) for the gas. The 
deaning vessel is next pressurized to a pressure which 
is greater than or equal to the critical pressure for the 
gas or gas mixture. At this point, the gas is in the form of 

20 a dense fluid (i.e., dense phase gas). The density of this 
dense fluid is then shifted or varied between two or 
more values, as previously described, by varying the 
temperature of the dense fluid contacting the contami- 
nant and/or substrate over a predetermined range by 

25- varying the type, duration and/or intensity of irradiation. 
Control of irradiation, temperature, pressure and gas 
flow rates is best accomplished under computer control 
using known methods. After shifting has been com- 
pleted, the cleaning vessel is then depressurized and 

30 the treated substrate is removed and packaged or 
treated further. 

When cleaning substrates which will be used in the 
space environment, the dense fluids may themselves 
become contaminants when subjected to the space 

35 environment. Therefore, substrates to be used in space 
are subjected to an additional thermal vacuum degas- 
sing step after the high pressure dense fluid cleaning 
process. This step is shown in FIG. 2 wherein the clean- 
ing vessel is depressurized to a vacuum of approxi- 

40 mately 1 Torr (millimeter of mercury) and a temperature 
of approximately 3950K (2500 F.) is applied for a prede- 
termined (i.e.. precalculated) period of time in order to 
completely degas the hardware and remove any resid- 
ual gas from the hardware. The depressurization of the 

45 deaning vessel after the cleaning process has been 
completed is carried out at a rate determined to be safe 
for the physical characteristics, such as tensile strength, 
of the substrate. 

For certain types of substrates such as polymeric 

so materials, internal dense fluid volumes are high upon 
completion of the cleaning process. Accordingly, during 
depressurization, the internal interstitial gas molar vol- 
ume changes drastically. The gas effusion rate from the 
polymer is limited depending upon a number of factors, 

55 such as temperature, gas chemistry, molar volume, and 
polymer chemistry. In order to ease internal stresses 
caused by gas expansion, it is preferred that the fluid 
environment in the cleaning vessel be changed through 
dense gas displacement prior to depressurization, 
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maintaining relatively constant molar volume. The dis- 
placement gas is chosen to have a diffusion rate which 
is higher than that of the dense phase gas. This step of 
dense gas displacement is shown in FIG. 2 as an 
optional step when polymeric materials are being 
cleaned. For example, if a non-polar dense phase 
cleaning fluid, such as carbon dioxide, has been used to 
clean a non-polar polymer, such as butyl rubber, then a 
polar fluid, such as nitrous oxide, should be used to dis- 
place the non polar dense fluid prior to depressurization 
since the polar fluid will generally diffuse more readily 
from the polymer pores. Alternatively, dense phase 
helium may be used to displace the dense phase gas 
cleaning fluid since helium generally diffuses rapidly 
from polymers upon depressurization. 

The present invention may be used to clean a wide 
variety of substrates formed of a variety of materials. 
The process is especially well adapted for cleaning 
computer chips and parts, integrated circuit parts and 
complex hardware without requiring disassembly. Some 
exemplary cleaning applications include: removing 
organic and inorganic particles and/or films from com- 
puter chips; removing trace metals and metal oxides 
from computer chips; defluxing of soldered connectors, 
cables and populated circuit boards; removal of pho- 
toresists from substrates; decontamination of cleaning 
aids such as cotton or foam-tipped applicators, wipers, 
gloves, etc.; degreasing of complex hardware; and 
decontamination of electro optical, laser and spacecraft 
complex hardware including pumps, transformers, riv- 
ets, insulation, housings, linear bearings, optical bench 
assemblies, heat pipes, switches, gaskets, and active 
metal castings. Contaminant materials which may be 
removed from substrates in accordance with the 
present invention include, but are not limited to, oil, 
grease, lubricants, solder flux residues, photoresist, 
particulates and/or films comprising inorganic or 
organic materials, trace metals and metal oxides, adhe- 
sive residues, plasticizers, unreacted monomers, dyes, 
or dielectric fluids. Typical substrates from which con- 
taminants may be removed by the present process 
include, but are not limited to, substrates formed of sem- 
iconductor materials, metal, rubber, plastic, cotton, cel- 
lulose, ceramics, and other organic or inorganic 
compounds. The substrates may have simple or com- 
plex configurations and may include interstitial spaces 
which are difficult to clean by other known methods. In 
addition, the substrate may be in the form of particulate 
matter or other finely divided material. The present 
invention has application to gross cleaning processes 
such as degreasing, removal of tape residues and func- 
tional fluid removal, and is also especially well adapted 
for precision cleaning of complex hardware to high lev- 
els of cleanliness. 

In accordance with an alternative embodiment of 
the present invention, a mixture of dense phase gases 
is formulated to have specific solvent properties and 
irradiation absorption characteristics relative to that of 
the contaminants and/or substrates. The irradiation 

i 



characteristics of the dense phase gas or mixtures 
thereof are such that in the wavelengths of interest, the 
gas or mixtures thereof preferably do not absorb the 
irradiation energy. The irradiation characteristics of 

s gases useful as dense phase gases are well-known or 
within the skill of the art to determine. For example, oxy- 
gen is known to absorb such energy having wave- 
lengths from 1 80 to 1 86 nm. See Molecular Spectra and 
Molecular Structure; Mi. Electronic Spectra and Elec- 

10 tronic Structure of Polyatomic Molecules, D. Van Nos- 
trand Co., Inc., Princeton, New Jersey, pp. 273, 597-598 
(1967) for a partial documentation of irradiation charac- 
teristics of various gases. 

In regard to solvent properties, for example, it is 

75 known that dense phase carbon dioxide does not hydro- 
gen bond and hence is a poor solvent for hydrogen 
bonding compounds, such as abietic acid, which is a 
common constituent in solder fluxes. According to U.S. 
5,013,366, the addition of 10 to 25 percent anhydrous 

20 ammonia, which is a hydrogen-bonding compound, to 
dry liquid carbon dioxide modifies the solvent chemistry 
of the latter to provide for hydrogen bonding without 
changing the total solubility parameter of the dense fluid 
system significantly. The anhydrous ammonia gas is 

25 blended with the carbon dioxide gas and compressed to 
liquid-state densities, namely the subcritical or super- 
critical state. These dense fluid blends of C0 2 and NH 3 
are useful for removing polar compounds, such as plas- 
ticizers from various substrates. In addition to possess- 

30 ing hydrogen-bonding ability, the carbon 
dioxide/ammonia dense fluid blend can dissolve ionic 
compounds, and is useful for removing residual ionic 
flux residues from electronic hardware. This particular 
dense phase solvent blend has the added advantage 

35 that it is environmentally acceptable and can be dis- 
charged into the atmosphere. Similar blends may be 
made using other non-hydrogen-bonding dense fluids, 
such as blends of ammonia and nitrous oxide or ammo- 
nia and xenon. 

40 An exemplary system for carrying out the process 
of the present invention is shown diagrammatically in 
FIG. 3. The system includes a high pressure cleaning 
chamber or vessel 12. The substrate is placed in the 
chamber 12 on a loading rack as shown in FIG. 4a or 

45 FIG. 4b. The temperature within the chamber 1 2 is con- 
trolled by an external heater assembly (not shown) 
which is powered by power unit 16 which is used in 
combination with a cooling system (not shown) sur- 
rounding the cleaning vessel. Coolant is introduced 

so from a coolant reservoir 18 through coolant line 20 into 
a coolant jacket or other suitable structure (not shown) 
surrounding the high pressure vessel 12. The dense 
fluid used in the cleaning process is fed from a gas res- 
ervoir 22 into the chamber 12 through pressure pump 

55 24 and inlet line 25. The system may be operated for 
batch-type cleaning or continuous cleaning. For batch- 
type cleaning, the chamber 12 is pressurized to the 
desired level and the temperature of the dense phase 
gas is adjusted to above the critical temperature of the 
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dense phase gas. After the cleaning process is com- 
pleted, the resulting dense fluid containing contami- 
nants is removed from the chamber 12 through exhaust 
line 26. The cleaning vessel may be repressurized with 
dense phase gas and depressurized as many times as 
required during the cleaning process. The exhaust line 
may be connected to a separator 28 which removes the 
entrained contaminants from the exhaust gas thereby 
allowing recycling of the dense phase gas. Density shift- 
ing by irradiation cycling is continued and the above- 
described depressurization and repressurizations are 
performed as required to achieve the desired level of 
cleanliness of the substrate. 

For continuous cleaning processes, the dense fluid 
is introduced into chamber 12 by pump 24 at the same 
rate that contaminated gas is removed through line 26 in 
order to maintain the pressure in chamber 12 at or 
above the critical pressure. This type of process pro- 
vides continual removal of contaminated gas while the 
density of the dense fluid within chamber 12 which is in 
contact with the contaminants and/or the substrate is 
being varied through irradiation cycling. 

The operation of the exemplary system shown 
schematically in FIG. 3 may be controlled by a computer 
30 which utilizes menu-driven advanced process devel- 
opment and control (APDC) software. 

The analog input, such as temperature and pres- 
sure of the chamber 12, is received by the computer 30 
as represented by arrow 32. The computer provides dig- 
ital output, as represented by arrow 33 to control the 
various valves, heating and cooling systems in order to 
maintain the desired pressure and temperature within 
the chamber 12, and the irradiation system. The various 
programs for the computer will vary depending upon the 
chemical composition and geometric configuration of 
the particular substrate being cleaned, the contami- 
nants) being removed, the particular dense fluid clean- 
ing gas or gas mixture, and the cleaning times needed 
to produce the required end-product cleanliness. 

Referring to FIGS. 2 and 3, an exemplary cleaning 
process involves initially placing the substrates into the 
cleaning vessel, chamber 12. The chamber 12 is closed 
and purged with clean, dry inert gas or the cleaning gas 
from reservoir 22. The temperature of the chamber 12 is 
then adjusted utilizing the external heating element (not 
shown) powered by power unit 16 and coolant from res- 
ervoir 1 8 to which is provided externally through a jack- 
eting system, in order to provide a temperature either 
equal to or above the critical temperature for the clean- 
ing gas or gas mixtures. The chamber 12 is then pres- 
surized utilizing pump 24 to a pressure equal to or 
above the critical pressure for the particular dense 
phase gas cleaning fluid. 

Once the pressure in chamber 12 reaches the 
desired point above the critical pressure, the pump 24 
may be continually operated and exhaust line 26 
opened to provide continuous flow of dense fluid 
through the chamber 12 while maintaining constant 
pressure. Alternatively, the exhaust line 26 may be 



opened after a sufficient amount of time at a constant 
pressure drop to remove contaminants, in order to pro- 
vide for batch processing. 

In accordance with a first embodiment of the 

s present invention, enhancement of the cleaning action 
of the dense fluid may be provided by exposing the sub- 
strate to irradiation. The irradiation excites the mole- 
cules of the substrate and/or contaminate to increase 
their temperature and thereby increase the temperature 

10 of the dense phase gas in contact with the substrate 
and/or containment and causes the density of the dense 
phase gas to change. This density shift or change 
causes the removal of the contaminants, for example, 
by dislodging particulate contaminants. 

is An exemplary cleaning vessel for carrying out such 
irradiation-enhanced cleaning is shown at 80 in FIGS. 
5a and 5b. The cleaning vessel 80 includes a container 
82 which has a removable container cover 84, gas sol- 
vent feed port 86 which has an angled bore to provide 

20 for enhanced mixing in the chamber, and solvent 
exhaust port 88. The interior surface 90 preferably 
includes a radiation-reflecting liner. Various types of 
irradiation may be used, for example, ultraviolet radia- 
tion, visible light radiation and infrared radiation having 

25. wavelengths of 180 to 350 nanometers, 351 to 900 
nanometers and 900 to 41,000 nanometers, respec- 
tively. The preferred irradiation is ultraviolet (UV) radia- 
tion. The radiation is generated from a conventional 
mercury arc lamp 92, generally in the range between 

30 190 and 350 nanometers. Xenon flash lamps are also 
suitable. Operation of the tamp may be either pulsed or 
continuous. A high pressure quartz window 94, which 
extends deep into the chamber to achieve a light piping 
effect, is provided in the container cover 84 through 

35 which radiation is directed into the cleaning chamber 
96. Temperature control within the cleaning chamber 96 
is provided by an external heating element and cooling 
jacket (not shown). The container 82 and cover 84 are 
made from conventional materials which are chemically 

40 compatible with the dense fluids used and sufficiently 
strong to withstand the pressures necessary to carry 
out the process, such as stainless steel or aluminum. 

FIGS. 6a and 6b shows two exemplary racks which 
may be used to load and hold the substrates to be 

45 cleaned in accordance with the present invention. FIG. 
6a shows a vertical configuration, while FIG. 6b shows 
a horizontal configuration. In FIGS. 6a and 6b, the fol- 
lowing elements are the same as those shown in FIG. 3: 
chamber or pressure vessel 12 gas inlet line 25, and 

so gas outlet line(s) 26. A rack 13 with shelves 15 is pro- 
vided to hold the substrates 17 to be treated in accord- 
ance with the present process. The rack 13 and shelves 
15 are made of a material which is chemically compati- 
ble with the dense fluids used, do not absorb the irradi- 

55 ation, and sufficiently strong to withstand the pressures 
necessary to carry out the present process. Preferred 
materials for the rack and shelves are stainless steel or 
teflon. The shelves 15 are constructed with perforations 
or may be mesh in order to insure the unobstructed flow 
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of thedense fluid and heat transfer from the substrates 
and/or contaminants. The rack 13 may have any con- 
venient shape, such as cylindrical or rectangular, and is 
configured to be compatible with th particular pressure 
vessel used. The vertical configuration of FIG. 6a is 5 
useful with a pressur vessel of the type shown in FIGS. 
5a and 5b herein, whereas the horizontal configuration 
of FIG. 6b is useful with a horizontal pressure vessel. As 
shown in FIG. 6a, legs or "standoffs" 21 are provided in 
order to elevate the rack above the bottom of the vessel 10 
12. As indicated in FIG. 6b, the rack is held on stand- 
offs (not shown) so that it is located in the upper half of 
the chamber in order to prevent obstruction of fluid flow. 
Optionally, in both of the configurations of FIGS. 6a and 
6b, an additive reservoir 1 9 may be used in order to pro- 75 
vide a means of modifying the dense phase gas by 
addition of a selected material, such as methanol or 
hydrogen peroxide. The reservoir 19 comprises a shal- 
low rectangular or cylindrical tank. The modifier is 
placed in the reservoir 19 when the substrate is loaded 20 
into the chamber 12. The modifier may be a free-stand- 
ing liquid or it may be contained in a sponge-like absorb- 
ent material to provide more controlled release. Vapors 
of the modifier are released from the liquid into the 
remainder of the chamber 12 during operation of the 25 
system. The modifier is chosen to enhance or change 
certain chemical properties of the dense phase gas. For 
example, the addition of anhydrous ammonia to xenon 
provides a mixture that exhibits hydrogen bonding 
chemistry, which xenon alone does not. Similarly, the 30 
modifier may be used to provide oxidizing capability or 
reducing capability in the dense phase gas, using liquid 
modifiers such as ethyl alcohol, water, acid, base, or 
peroxide. 

In a second embodiment of the present invention, 35 
the cleaning action of the dense fluid during density 
shifting may be enhanced by applying ultrasonic energy 
to the cleaning zone. A suitable high-pressure cleaning 
and sonifier are shown at 60 in FIG. 7. The sonrfier 60 
includes a cylindrical container 62 having removable 40 
enclosure 64 at one end and ultrasonic transducer 66 at 
the other end. The transducer 66 is connected to a suit- 
able power source by way of power leads 68. Such 
transducers are commercially available, for example, 
from Delta Sonices of Los Angeles, California. Gas sol- 45 
vent feed line 70 is provided for introductions of the 
dense fluid solvent into the cleaning zone 74. Exhaust 
line 72 is provided for removal of contaminated dense 
fluid. 

The sonrfier 60 is operated to apply sonic energy to so 
the dense fluid during density shifting in accordance 
with the present invention. The frequency applied may 
be within the range of about 20 and 80 kilohertz. The 
frequency may be held constant or, preferably, may be 
shifted back and forth over the range of 20 to 80 Wlo- ss 
hertz. The use of ultrasonic energy (sonification) 
increases cleaning power by aiding in dissolving and/or 
suspending bulky contaminants, such as waxes, mono- 
mers and oils, in the dense fluid. Furthermore, opera- 



tion of the sonic cleaner with high frequency sonic 
bursts agitates the dense phase gas and the substrate 
to promote the breaking of bonds between the contami- 
nants and the substrate being cleaned. Though they 
maybe used separately, use of sonification in combina- 
tion with density shifting has the added advantage that 
the sonification tends to keep the chamber walls clean 
and assists in removal of extracted or dislodged con- 
taminants. 

The cleaning vessels shown in FIGS. 5-7 are exem- 
plary only and other possible cleaning vessel configura- 
tions may be used in order to cany out the process of 
the present invention. For example, a wide variety of 
external and internal heating and cooling elements may 
be utilized in order to provide the necessary tempera- 
ture control and a wide variety of irradiation sources 
maybe used to accomplish density shifting of the dense 
fluid. 

In accordance with a third embodiment of the 
present invention, the dense fluid may comprise a mix- 
ture of a first dense phase fluid and a dopant. The 
dense phase fluid which serves as a carrier for the 
dopant. The dopant would selectively react or be 
attracted to the substrate surface and/or contaminant. 
The dopant would also contain chemical groups which 
are sensitive to certain types of irradiation. Accordingly, 
upon exposure to such irradiation, these groups would 
excite the molecules of the dopant and increase the 
temperature of the substrate and contaminants together 
with the dense phase gas in contact therewith. This 
increase in temperature would cause a shift in density to 
dislodge particulate contaminants and/or increase the 
solvating characteristics of a dense phase gas at the 
surface of the substrate. 

As noted above, the type of irradiation used is 
dependent on the substrate and contamination present. 
With this in mind, the dense phase gas is selected 
which does not absorb the type of irradiation to be used 
or absorb it at a much lower rate than the substrate 
and/or contaminant. Alternatively, a dopant can be 
added to the dense phase gas when both the dense 
phase gas and the substrate and/or contaminants are 
non-responsive to the type of irradiation used. In either 
case, the objective is to selectively increase the temper- 
ature of the contaminants and/or substrate to shift the 
density of the dense phase gas in contact therewith. 
There would also be a temperature and density gradient 
of the dense phase gas in a direction normal to the sur- 
face of the substrate. This would encourage the trans- 
port of the contaminants from the surface once 
dislodged or removed into the dense phase gas by dif- 
fusion. This thermal gradient also provides "solvent 
zones," that is a range of distinct solvents favoring cer- 
tain contaminants or contaminant groups, which 
enhances the contaminant removal process. 

The types of irradiation which may be used with the 
present invention include ultraviolet radiation, visible 
light radiation, infrared radiation and combinations 
thereof. If pulsed, pulsed widths on the order of millisec- 
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onds to nanoseconds with pulse rates from 5Hz to 
100kHz maybe used. 

The irradiation type is chosen based on the desired 
dense phase gas chosen or vice-versa such that the 
irradiation chosen is preferably not absorbed by the s 
dense phase gas. 

Substrates or contaminants dictate the irradiation 
type chosen such that they are responsive, i.e., absorb, 
the irradiation. For example, silver surfaces absorbs 
irradiation having a wavelength equal to or less than 10 
250 nanometers. Aluminum absorbs wavelengths from 
about 190 to about 250 nanometers. Accordingly, UV 
having a wavelength from about 190 to about 250 
nanometers is preferred. 

In regard to the dopants, the various chemical 15 
groups attached to the dopant which respond to the 
above-identified types of irradiation usually include aro- 
matic or multiply bonded groups, for example, double 
and triple bonds. Examples of dopants that would be 
suitable and useful include benzene, acetylene, 20 
phthalocyanines and perfluoropolyethers. Such groups 
would absorb UV and/or visible light radiation. Groups 
that absorb infrared energy also are known in the art 

Regarding the dense phase gas going through a 
phase change in order to remove particulate contanjl- 
nants, going through a solid or liquid phase change at 
the surface of the substrate (1 ) enhances the turbulence 
of the dense phase gas due to density changes and (2) 
changes the attractive characteristics of the dense 
phase gas relative to the contaminant and between the 
contaminant and the substrate surface. Such may blind 
the contaminant to the substrate surface and enhance 
the removal of the contaminant, particularly particulate 
contaminants. Further, to take advantage of such a phe- 
nomena, it is preferable to operate close to the solid/liq- 
uid phase boundary or solid/dense fluid boundary such 
that small temperature changes would allow this phase 
transition to occur together with the associated density 
shift. 

The present invention provides an effective method 
for removing one or more contaminants from a given 
substrate in a single process. They types of contami- 
nants removed in accordance with the present invention 
may have a wide variety of compositions and the sub- 
strates may vary widely in chemical composition and 
physical configuration. 

The process of the present invention has wide 
application to the preparation of structures and materi- 
als for both terrestrial and space environments including 
gaskets, insulators, cables, metal castings, heat pipes, 
bearings, rivets and electrical and computer compo- 
nents. The particular cleaning fluid and density shifting 
conditions utilized will vary depending upon the particu- 
lar contaminants desired to be removed. The process is 
also especially well-suited for removing greases and 
oils from both internal and external surfaces of complex 
hardware. 

Having thus described exemplary embodiments of 
the present invention, it should be noted by those skilled 
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in the art that the within disclosures are exemplary only 
and that various other alternatives, adaptations, and 
modifications may be made within the scope of the 
present invention. For example, the continuous system 
described in U.S. 5,313,965 to Palen, which is hereby 
incorporated by reference, could be modified to incorpo- 
rate an irradiation system in the processing zone (14 
therein) thereof. Accordingly, the present invention is 
not limited to the specific embodiments as illustrated 
herein, but is only limited by the following claims. 

Claims 

1. A process for removing contaminants from a sub- 
strate, said process comprising the steps of: 

placing said substrate containing said con- 
taminants in a cleaning vessel; 

contacting said substrate containing said 
contaminants with a dense phase gas at a pressure 
equal to or above the critical pressure of said dense 
phase gas in said cleaning vessel; and 

shifting the density of said dense phase gas 
in contact with said substrate and said contami- 
nants by varying the temperature of said substrate 
25.. and said contaminants for a period of time sufficient 
to remove one or more of said contaminants. 

2. The process as set forth in claim 1, wherein said 
varying is performed cyclically. 

30 

3. The process as set forth in claim 1, wherein said 
varying is performed by irradiating said substrate 
and said contaminant with an irradiation which is 
not substantially absorbed by said dense phase 

35 gas. 

4. The process as set forth in claim 3, wherein said 
dense phase gas comprises a mixture of a first 
dense phase gas and a dopant having a first chem- 

40 ical group which is excitable by said irradiation, said 
dopant being chemically attracted to said contami- 
nants to enhance the removal of said contaminants, 
said first dense phase gas acting as a carrier for 
said dopant 

45 

5. The process as set forth in claim 4, wherein said 
dopant is selected from the group consisting of ben- 
zene, acetylene, phthalocyanines and perfluoropol- 
yethers. 

50 

6. The process as set forth in claim 1, wherein said 
dense phase gas is selected from the group con- 
sisting of carbon dioxide, nitrous oxide, ammonia, 
helium, krypton, argon, methane, ethane, propane, 

55 butane, pentane, hexane, ethylene, propylene, 
tetrafluoromethane, chlorodrfluoromethane, sulfur 
hexafluoride, perfluoropropane, and mixtures 
thereof. 
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7. The process as set forth in claim 1 , wherein said 
dense phase gas comprises a mixture of a non- 
hydrogen bonding compound with a sufficient 
amount of a hydrogen-bonding compound to 
thereby provide hydrogen-bonding solvent proper- 5 
ties in said mixture. 

8. The process as set forth in claim 1 , wherein said 
substrate comprises a material selected from the 
group consisting of metal, organic compound, and 10 
inorganic compound. 

9. The process as set forth in claim 8, wherein said 
substrate is selected from the group consisting of 
semiconductor substrates, integrated chips, com- 15 
plex hardware, metal casting, printed wiring board, 

in connector, fluorosilicone seal, ferrite core, and 
cotton tipped applicator. 

10. The process as set forth in claim 1, wherein said 20 
contaminant is selected from the group consisting 

of oil, grease, lubricant, solder flux residue, pho- 
toresist, adhesive residue, plasticizer, unreacted 
monomer, inorganic particulates, organic particu- 
lates, inorganic films, organic films and trace metals 25 
and metal oxides. 

11. The process as set forth in daim 1, wherein said 
dense phase gas containing said contaminants is 
continually removed from said cleaning vessel and 30 
replaced with additional dense phase gas in an 
amount sufficient to maintain the pressure in said 
cleaning vessel at or above said critical pressure. 

12. The process as set forth in claim 1 , wherein during 35 
step "c" said irradiation is selected from the group 
consisting of ultraviolet radiation, visible light radia- 
tion, infrared radiation and combinations thereof. 

13. The process as set forth in claim 12, wherein said 40 
radiation has a wavelength within the range of 190 

to 350 nanometers. 

14. The process as set forth in claim 1 , wherein during 
step "c" said dense phase gas and said substrate 45 
containing said contaminants are exposed to ultra- 
sonic energy to enhance removal of said contami- 
nants from said substrate. 

1 5. Apparatus for performing the process as claimed in so 
any preceding claim. 

16. Apparatus as claimed in claim 15 and as described 
herein. 

ss 
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